Fish ecotypes found in north temperate lakes are increasingly used as model organisms to explore patterns and processes of population divergence that may ultimately cause speciation. Processes involved in their reproductive isolation are, however, still poorly understood. Recent experimental studies on white®sh ecotypes from dierent glacial races revealed that embryonic mortality of hybrids was 2.4±4.7 times higher than for parental forms. In this study, we compared¯uctuating asymmetry (FA) in morphological traits of these same hybrid and pure crosses to test the hypothesis that genetic stress observed in hybrids at embryonic stages is also manifested at later developmental stages. Twelve morphological traits were used to measure asymmetry. Variable degrees of asymmetry were observed depending on traits and crosses, however there was no signi®cant dierence in FA among crosses. These results thus provided no evidence in support of the working hypothesis and indicated that genetic stress may dier among life stages. It is more likely that high hybrid embryonic mortality acts together with ecological factors at later stages to increase further the extent of reproductive isolation between sympatric white®sh ecotypes.
Introduction
Fish ecotypes found in north temperate lakes are increasingly used as model organisms to study patterns and processes of population divergence that may ultimately lead to speciation events (reviewed in Robinson & Wilson, 1994; SkuÂ lason & Smith, 1995; Schluter, 1996) . There is now a general consensus that phenotypic divergence observed among sympatric forms evolved as a consequence of divergent selection promoting dierential trophic use (Schluter, 1998) . In contrast, much less eort has been devoted to the understanding of processes driving reproductive isolation. Previous studies on threespine stickleback (Gasterosteus sp.) and sockeye/kokanee ecotypes (Oncorhynchus nerka) provided no evidence for postmating isolating mechanisms in the form of genetic incompatibility (McPhail, 1984 (McPhail, , 1993 Wood & Foote, 1990 Hat®eld, 1995) . This, coupled with experimental evidence in stickleback for reduced foraging eciency in hybrids compared to parental forms (Schluter, 1995) , suggested that postmating isolation in sympatric ®sh ecotypes may instead be driven by ecological processes.
Recent studies of lake white®sh (Coregonus clupeaformis) ecotypes, however, have indicated that both ecological and genetic factors might be involved in the development of reproductive isolation. Lakes of the St John River system (south-east Quebec, Canada; northern Maine, USA) harbour sympatric dwarf and normal ecotypes resulting from a postglacial secondary contact between two evolutionary lineages that evolved in allopatry during the Pleistocene (Bernatchez & Dodson, 1990; Pigeon et al., 1997; Bernatchez et al., 1999) . A recent comparative study revealed that gene¯ow between ecotypes within a lake was negatively correlated with their morphological dierentiation based on trophic-related traits, supporting the role of ecological processes in driving reproductive isolation (Bernatchez et al., 1999; Lu & Bernatchez, 1999) . Contrary to previous studies, however, Lu & Bernatchez (1998) experimentally showed that embryonic mortality of hybrids between the two evolutionary lineages was 2.4±4.7 times higher than for parental forms. This provided evidence for a genetic mechanism of postmating isolation.
In this study, we compared¯uctuating asymmetry (FA) in morphological traits of the same hybrid and pure progeny studied by Lu & Bernatchez (1998) to test the hypothesis that genetic stress observed in hybrids at embryonic stages is also manifested at later developmental stages. Fluctuating asymmetry has been widely used as a measure of developmental stability (Van Valen, 1962) , de®ned as the ability of an organism to buer its developmental processes against genetic and/ or environmental disturbances (Waddington, 1942) . Although the genetic bases of developmental stability are still under discussion (Clarke, 1993), two major factors, genomic coadaptation and heterozygosity, are commonly invoked to explain the stability of developmental processes (Leary & Allendorf, 1989) . Consequently, the extent of developmental stability manifested in hybrid individuals results from a balance between the stabilizing eect of increased heterozygosity and the disruptive eect of genomic coadaptation. Given the high embryonic mortality rate previously observed in hybrids, we predicted that FA should be higher in hybrid than in pure progeny of the two white®sh evolutionary lineages used in this study.
Materials and methods

Origin of ®sh and rearing conditions
Adult ®sh for the two white®sh evolutionary lineages were obtained from TeÂ miscouta Lake (dwarf ecotype D, Acadian race) and Aylmer Lake (normal ecotype N, Atlantic/Mississipian race). Glacial races refer to the nomenclature used by Bernatchez & Dodson (1991) . The rationale for this sampling scheme was to consider genetic divergence of races before they came into contact. These ®sh were used to produce two pure (D F D M and N F N M ) and two reciprocal hybrid crosses (D F N M and N F D M ), as detailed in Lu & Bernatchez (1998) .
Rearing conditions and daily routine were the same among crosses during all rearing phases (Lu & Bernatchez, 1998) . Larvae were fed with live Artemia nauplii and formatted diet (Fry Feed Kyowa Inc.), whereas ®sh were fed with pellet food (More-Clark Inc.) following metamorphosis. Progeny of each cross were raised in separate 1000-L tanks and subsequently transferred into 3000-L tanks at one year of age. All ®sh were 20 months of age when measurements were taken.
Fluctuating asymmetry
On average, 26 ®sh were analysed for each group. Morphological asymmetry was estimated for six morphological traits and six meristic traits (Table 1) . Morphological traits were measured to the nearest 0.1 mm using an electronic calliper. Gill rakers were counted on the ®rst gill arch under a dissecting microscope. More details on these traits and methodology are presented in Chouinard et al. (1996) and Hat®eld (1997) .
Because measurement error may potentially either hide or bias real dierences between sides (Palmer, 1994), we independently repeated the measurements for all traits in all samples. Repeatability was assessed as Pearson correlation coecients between the two sets of measurements (Hat®eld, 1997) .
Asymmetry was calculated as the value of left side minus right side measurement (R ) L), whereas FA corresponded to their absolute values (|R ) L|). We also quanti®ed another FA index, r 2 , i.e. FA10 of Palmer (1994), from a two-way (sides´individuals) ANOVA ANOVA as it allows measurement error variance to be partitioned out of the total between-sides variance, lending itself to be the most powerful index in testing for dierences between samples (Palmer, 1994) . This index includes both contributions from antisymmetry and FA. None of 48 R ) L distributions showed a platykurtic (broadpeaked or bimodal) departure from normality (Lilliefors P > 0.05), and thus no antisymmetry was present. Consequently, the r 2 -value re¯ects the magnitude of FA in our study (Palmer & Strobeck, 1986) . Signi®cance of r 2 was tested again using the sides´individuals ANOVA ANOVA (Palmer, 1994) . In order to test whether FA correlated with trait size within samples, we performed regressions of FA against total body length. Signi®cant regressions were observed for two traits (see Results) and in these cases size corrections were applied using the allometry method as detailed in Reist (1985) .
We used a one-sample t-test to examine whether mean asymmetry (MA) of each trait deviated from zero. Signi®cant departures from 0, indicating directional asymmetry (DA), were observed for three traits. These were therefore excluded from further analyses (Table 2) (Palmer, 1994 ).
Levene's ANOVA ANOVA test was used to assess dierences of FA in individual traits among crosses. This method is particularly sensitive to small dierences in FA among samples, and least sensitive to departures from normality in the direction of leptokurtosis or platykurtosis. It is thus more likely to detect as signi®cant small dierences in FA and be robust (i.e. P-values valid) to nonnormality (Palmer, 1994; Hat®eld, 1997) . To corroborate the results of Levene's test, we also performed the The a-level of related tests was adjusted following the sequential Bonferroni correction to minimize type I errors (Rice, 1989) . All statistical analyses were performed using STATISTICA STATISTICA, version 4.5 (Statsoft).
Results
Measurement error, size correction and DA Measurement errors were low. The two data sets of measurements for all traits were highly correlated (P < 0.0001), with repeatability being, on average, 0.874 (Table 1) . Correlation between FA and body length was observed in two out of 48 cases, postorbital length in D F D M and longest gill raker length in N F N M (Table 1 ). This correlation was as expected by chance alone (a < 0.05). Fluctuating asymmetry values of the above traits were size-adjusted for cross comparisons (Reist, 1985) . These traits were thus excluded from further analyses ( Table 2) .
Fluctuating asymmetry
Variable levels of asymmetry were observed depending on traits (Table 1) . No FA was observed for scale counts above the lateral line and suprapelvic scale counts in N F N M and D F N M , whereas FA was maximal in lateral line scale counts in all crosses. Signi®cant FA was observed for eight to 12 traits depending on group after removing the eect of measurement errors (Table 1) .
Differences in FA among samples
Tests of both parametric and nonparametric ANOVA ANOVAs revealed no dierence in average FA of morphological traits among crosses (Table 2 ). Levene's tests revealed P-values smaller than 0.05 in pelvic ®n ray counts and head length, but dierences in FA among crosses were not signi®cant following sequential Bonferroni corrections, indicating homogeneity of variances in FA among crosses. The Kruskal±Wallis ANOVA ANOVAs corroborated the Levene's tests in showing no statistical dierences in individual traits among crosses.
The absence of dierences in morphological FA among crosses was also supported by a multivariate ANOVA ANOVA on FA and the Kruskal±Wallis ANOVA ANOVA on r 2 (Table 2) .
Discussion
Assuming that FA does re¯ect developmental stability (Van Valen, 1962; Leary et al., 1984) , our results do not suggest that hybrids were less ®t than parental forms of dwarf and normal white®sh ecotypes from dierent glacial races. Previous studies of FA in ®shes and other & Strobeck, 1986; Leary & Allendorf, 1989) . This indicates no consistency in predicting the extent of developmental stability in hybrid organisms. The resulting stability in hybrids of this study probably re¯ects a balance between the heterozygosity and disruption of genetic coadaptation. Increased heterozygosity in hybrids compared to parental forms may result in higher stability (Leamy, 1984) , whereas hybridization results in a breakdown of genomic coadaptation, potentially leading to decreased stability (Graham & Felley, 1985; Leary et al., 1985) . The disruptive eect of genomic coadaptation is generally expected to increase with the extent of genetic divergence between parental taxa or populations (Palmer & Strobeck, 1986) . For instance, the eect of disruption at interspeci®c or intersubspeci®c levels is generally greater than that of heterosis (Graham & Felley, 1985; Leary et al., 1985) . Based on the extent of their divergence, the two races of white®sh analysed here remained in geographical isolation for at least 150 000 years and we therefore presumed that a breakdown of genomic coadaptation would be more important than heterosis. This was supported by experiments on the same crosses used in this study which demonstrated that daily embryonic mortality rates were 2.4±4.7 times higher in reciprocal hybrid crosses compared to pure crosses (Lu & Bernatchez, 1998) . These dierential levels of mortality between hybrids and pure progeny ranked the highest among values reported at the intraspeci®c level in ®sh (McPhail, 1984 (McPhail, , 1993 Wood & Foote, 1990 Hat®eld, 1995) . The contrast between the extent of genetic stress observed in white®sh larvae and juvenile ®sh suggested that the eect of genomic incompatibility might dier among life stages.
Several alternative, but not necessarily exclusive, hypothetical explanations may account for the absence of developmental instability at the juvenile stage, whereas high mortality occurred at embryonic stages. Large numbers of gene systems are presumably involved in development (Zakharov, 1989; Graham, 1992) . Different gene systems may be more or less sensitive to disruption of a coadapted genome (Alibert et al., 1994) . Although hypothetical, it is possible that embryonic development depends on a limited number of strongly interactive genes which would make this system more sensitive to breakdown than multigenic characters with phenotypes resulting from the additive eect of weakly interactive genes. Given the likely polygenic control of the numerous morphological traits analysed in the study, this would suggest that the number of loci that come under selection in white®sh hybrids might not be very large (Alibert et al., 1994) .
It is also possible that the relationship between developmental stability and reproductive ®tness, expressed in terms of embryonic survival rate, may be out of phase in hybrids (Graham, 1992) . This is because the development of adults is a premeiotic component of reproductive success, whereas survival of ospring is postmeiotic (Graham, 1992) . Finally, it is also possible that the high hybrid mortality rate observed during embryonic development (Lu & Bernatchez, 1998) resulted in dierential survival of progeny, for which the eect of disruptive genetic coadaptation was less important. Selection could have removed the more asymmetrical individuals, and thus may mask the detection of developmental stability as previously suggested in other salmonids (Beacham & Withler, 1987) . Given the approximate selective coecient(s) of 0.4 against hybrids reported by Lu & Bernatchez (1998) , this explanation appears rational, although it remains to be empirically supported.
Whatever the cause for the apparent absence of developmental instability in hybrid juvenile ®sh between the divergent white®sh races found in the secondary contact zone of the St John River drainage, it suggests that postmating isolation related to disrupted genomic coadaptation in hybrids does not act as a reproductive barrier at this life-history stage. Instead, reduced foraging eciency and/or other ecological attributes may be more important than genetic incompatibility at this later developmental stage, as documented for Gasterosteus ecotypes (Schluter, 1995) , and suggested by dierential trophic use associated with dierent phenotypes in pure ecotypes of white®sh (Bernatchez et al., 1999) .
